Abstract Severe acute respiratory syndrome coronavirus (SARS-CoV) encodes a highly basic nucleocapsid (N) protein which can inhibit the synthesis of type I interferon (IFN), but the molecular mechanism of this antagonism remains to be identified. In this study, we demonstrated that the N protein of SARS-CoV could inhibit IFN-beta (IFN-b) induced by poly(I:C) or Sendai virus. However, we found that N protein could not inhibit IFN-b production induced by overexpression of downstream signaling molecules of two important IFN-b induction pathways, toll-like receptor 3 (TLR3)-and RIG-I-like receptors (RLR)-dependent pathways. These results indicate that SARS-CoV N protein targets the initial step, probably the cellular PRRs (pattern recognition receptors)-RNAs-recognition step in the innate immune pathways, to suppress IFN expression responses. In addition, co-immunoprecipitation assays revealed that N protein did not interact with RIG-I or MDA5. Further, an assay using truncated mutants revealed that the C-terminal domain of N protein was critical for its antagonism of IFN induction, and the N deletion mutant impaired for RNAbinding almost completely lost the IFN-b antagonist activity. These results contribute to our further understanding of the pathogenesis of SARS-CoV.
Introduction
Severe acute respiratory syndrome coronavirus (SARSCoV) is highly pathogenic in humans, with an overall mortality rate of 9.6%. Its 29.7 kb single-stranded RNA genome, which may be recognized by cytosolic RNA sensors, is wrapped in a helical nucleocapsid composed of multiple copies of N protein. The high pathogenicity suggests that SARS-CoV has developed mechanisms to overcome the host innate immune response.
Production of type I interferon (IFN) is a key step in the innate immune response to viral infection. Two major pathways are employed for the activation of type I interferon following virus infection. The first one is toll-like receptor (TLR)-dependent pathway, for example, TLR3 can detect viral dsRNAs in endosomal compartments. The second one is RIG-I-like receptors (RLR)-dependent pathway, in which cytoplasmic CARD domain-containing RNA helicases, RIG-I and MDA5, can sense viral RNA in the cytoplasm. Both pathways are based on sensor interactions with pathogen associated molecular patterns (PAMPs), such as double stranded RNA accumulated during replication or released upon lysis of infected cells, or structured single-stranded RNAs of the viral genome. Two different groups of adaptors are utilized in the two pathways. The TLRs signal through TRIF and/or MyD88, whereas RLRs signal through MAVS/IPS-1/VISA/CAR-DIF. Downstream of the different adaptors, IKKe and TBK1, are recruited and ultimately IRF-3, NFjB, and AP-1 are activated to initiate type I IFN gene transcription. Once interferon is synthesized and released from cells, it binds to interferon receptors, initiating a signaling cascade of JAK/STAT pathway that results in the expression of interferon-stimulated genes (ISGs) which enable the cell to combat viral infection and interfere with viral replication.
Until now, many proteins of SARS-CoV have been identified as effective interferon antagonists including nsp1 [1] [2] [3] , PLP domain of nsp3 [3] [4] [5] , nsp7 and nsp15 [3] , M [6] , and ORF3b, ORF6, and N [7, 8] , which can suppress IFN responses by different mechanisms at multiple levels of IFN production pathways.
In SARS-CoV, nucleocapsid protein (N) is one of the most crucial structural components with the primary function of encapsidating the viral genome. In addition, it was demonstrated that N protein interfered with different cellular pathways [8] [9] [10] [11] [12] [13] , thus implying it to be a key regulatory component of the virus. Recently, N protein has been reported to inhibit IFN-b production by Sendai virus [8] . However, the underlying molecular mechanism of this inhibition is not clear.
In this study, we found that N could inhibit IFN-b production induced by poly(I:C) in 293T cells. Interestingly, N could not inhibit IFN-b production induced by RIG-I-2CARD, MAVS, TRIF, TBK-1, or IKKe, which are important molecules of TLR3-or RLR-dependent pathways. These results indicate that N blocks a very early step for IFN-b production, most probably at the RNA-sensor recognition step. The direct association of N with RIG-I or MDA5 could not be detected in vitro, and the RNA-binding region in C-terminal domain was essential for IFN expression inhibition, thus implying that the inhibition of IFN-b production by N protein may probably due to its ability in binding to and shielding viral RNAs from the recognition by cellular PRRs.
Materials and methods

Cells and virus
293T cells were grown and maintained in DMEM containing 10% heat-inactivated FBS. Sendai virus was obtained from Wuhan Institute of Virology, Chinese Academy of Sciences.
Reagents and antibodies
Poly(I:C) (Invitrogen), monoclonal mouse and polyclonal rabbit anti-Flag antibodies (Sigma), monoclonal mouse anti b-actin antibody (Santa Cruz), monoclonal mouse antiMyc antibody (TIANGEN), TRITC-conjugated goat antimouse IgG (PIERCE), HRP-conjugated goat anti-mouse secondary antiserum (Thermo), and DAPI (Invitrogen) were obtained commercially.
Plasmids
The reporter plasmids pIFN-b-luc, pRL-TK, the plasmids expressing Flag-RIG-I, Flag-MDA5, Flag-IRF-3, HA-MAVS, HA-TRIF, HA-TBK1, HA-IKKe, Flag-RIG-I-2CARD, and Flag-NS3/4A were kindly provided by Dr. Hongbing Shu [14] . pCMV-tag2b-N was constructed as described [15] . pCMV-Myc-N was constructed by substituting the Flag-tag coding sequence of pCMV-tag2b-N with Myc-tag coding sequence. Plasmids expressing truncated N were amplified from pCMV-tag2b-N with specific primers by PCR. The PCR fragments were digested with EcoRI and SalI, and ligated into EcoRI and SalI-digested pCMV-tag2b vector. pEGFP-N1-IRF-3 was constructed by inserting IRF-3 coding sequence into pEGFP-N1 vector (Clontech), which achieves a fusion expression of IRF-3-GFP after transfection in mammalian cells. Plasmid pcDNA3.0-NS3/4A was constructed by inserting the coding sequence of NS3/4A into pcDNA3.0 vector.
Dual-luciferase reporter assays
The 293T cells (*1 9 10 5 ) were seeded on 24-well dishes and transfected the following day with pCMV-tag2b-N or an empty vector (0.3 lg), an indicated expression plasmid (0.2 lg), pIFN-b-luc (0.1 lg), pRL-TK (0.05 lg) (expressing Renilla luciferase constitutively) by standard calcium phosphate precipitation. At 24 h post-transfection, cells were analyzed by Dual-Luciferase reporter Assay System (Promega) according to the manufacturer's instructions, or the cells were infected with SenV (MOI = 10) or transfected with poly(I:C) (1 lg/well) by Lipofectamine (Invitrogen) for 18 h prior to determining the relative luciferase activities of the cell lysate. Luciferase activity was normalized to pRL-TK signal and is depicted as RLU.
RNA analysis
RNA from 293T cells was extracted using Trizol reagent (Invitrogen) according to the manufacturer's instructions. The final number of cells used for RNA extraction was approximately 5 9 10 6 . cDNA synthesized from 2 lg of RNA was diluted at 1:30 and 5 ll of each sample was subjected to real-time PCR using Power SYBR Green PCR master mix (Toyobo). The reaction was carried out for the IFN-b and GAPDH genes using specific primers (IFN-b
and an ABI 7300 real-time PCR system. 45 amplification cycles were performed with cycling conditions of 15 s at 94°C, 15 s at 55°C, and 45 s at 72°C. The specificity of the primers was confirmed by sequencing the PCR products. The threshold cycle (Ct) for IFN-b and the difference between their Ct values (DCt) were determined. The results were normalized by GAPDH expression to obtain the DDCt value. Finally, the 2 -D value was calculated to reflect the relative expression of IFN-b gene.
Fluorescence microscopy Cells were fixed in acetone:methanol (1:1) and blocked in PBS containing 1% BSA, then incubated overnight at 4°C with mouse anti-Flag antibody. Subsequently cells were incubated with TRITC-conjugated goat anti-mouse IgG for 1 h at 37°C before stained with DAPI for 5 min. Cells were examined using a conventional fluorescent microscope.
Native PAGE and immunoblotting Native PAGE and immunoblotting were performed as described [16, 17] .
Co-immunoprecipitation assays
Co-immunoprecipitation was performed as described [18] .
Statistical analyses
Statistical analyses were performed using an unpaired, twotailed Student's t-test. P values of less than 0.05 were considered to be statistically significant. (Fig. 3b, c) . To examine the effect of N on the nuclear translocation of GFP-IRF-3 caused by poly(I:C) and signaling molecules, 293T cells were transfected with a GFP-IRF-3 (Fig. 4 panel 2) , but not in cells co-transfected with MAVS and N (Fig. 4 panel  4) . HCV NS3/4A, which cleaves MAVS and can thus inhibit the activation of IRF-3 [19] , was used as a control, and nuclear translocation of GFP-IRF-3 induced by expression of MAVS was inhibited by NS3/4A as expected (Fig. 4 panel 5 ).
Results
N inhibits IFN
Then, we tested whether the dimerization of IRF-3 induced by poly(I:C) or signaling molecules could be inhibited by N. As expected, the overexpression of N could inhibit the dimer formation of IRF-3 promoted by poly(I:C) (Fig. 5a ) but not by MAVS (Fig. 5b) . HCV NS3/4A as a control could suppress IRF-3 dimer formation induced by MAVS (Fig. 5b) . Similar results were obtained when TRIF, TBK1, or IKKe were overexpressed instead of MAVS in IRF-3 translocation and dimerization assays (data not shown).
Taken together, the results of IRF-3 activation assays were consistent with the results in Figs. 1, 2 and 3 . These results suggest that SARS-CoV N only suppresses IFN-b production induced by SenV or poly(I:C), but not by downstream signaling molecules; therefore, SARS-CoV N must suppress the IFN-b induction at a very early step, most probably at the PRRs-RNA-recognition step.
N does not interact with RIG-I or MDA5
Since N could not inhibit IFN-b production induced by RIG-I-2CARD, we assumed that N may block the beginning PRRs-RNA-recognition step. Many virus proteins can inhibit IFN-b production through binding and thus inactivate cytosolic PRRs [20, 21] . Therefore, we sought to investigate whether N can interact with RIG-I or MDA5. However, such proposed interactions could not be detected in co-immunoprecipitation assays (Fig. 6a) . RIG-I and MDA5 could be efficiently precipitated in the same experiment, which indicated the precipitation condition was suitable (Fig. 6a) . Since N has the ability to selfassociate, the interaction between the Flag-tagged and Myc-tagged N was set as a positive control, and Flag-N interacted with Myc-N as expected (Fig. 6a, right) . Considering that RIG-I and MDA5 will undergo conformation change upon exogenous stimuli, the same IP analysis was performed upon Sendai virus infection or poly(I:C) transfection. However, the interaction between N and RIG-I or MDA5 still cannot be detected (Fig. 6b ). These results demonstrate that N does not inhibit IFN-b production through binding cytosolic PRRs. The N protein C-terminus domain is critical in inhibiting SenV-induced IFN-b promoter activation, and the RNA-binding ability is indispensible for this inhibition
Given the results that N protein suppressed the IFN-b production induced by Sendai virus, we then investigated which domain of N was responsible. We constructed plasmids expressing truncated N by the regions of the structural domains [22] (Fig. 7a) . Expression of N-truncated proteins was confirmed by Western blot (Fig. 7b) . Dual-luciferase reporter assays were similarly performed as mentioned above. As shown in Fig. 7c , SenV-induced IFNb promoter activation was significantly suppressed by co-transfection of CTD and C 0 , as well as full-length N protein, while transfection of NTD, N 0 , and Linker did not ) were transfected with indicated plasmids, together with a plasmid expressing the IRF-3 and GFP fusion (GFP-IRF-3) (left panels) to follow IRF-3's localization. At 24 h posttransfection, cells were either analyzed by microscopy (b) or tranfected with poly(I:C) for another 12 h before microscopy analysis (a). N proteins were detected with monoclonal antibodies against Flag (right panels), and DAPI staining was used to show the localization of nucleus (middle panels). The experiments were repeated for three times with similar results significantly suppress SenV-induced IFN-b promoter activation. The C-CTD (aa 281-365), which has been demonstrated to have no RNA-binding ability [23] , almost lost the ability to reduce IFN-b promoter activity. These results suggested that the C-terminal domain of N protein may have an important role in suppressing SenV-induced IFN expression responses, and RNA-binding ability is essential for this inhibition effect.
Discussion
Production of interferon is one of the primary host defense mechanisms against viruses. However, SARS-CoV infection does not result in IFN production in many cell cultures and pretreatment of cells with IFN blocks SARS-CoV infection [13, [24] [25] [26] . The N protein of SARS-CoV was found to inhibit the activation of IRF-3 and NF-jB induced by SenV, resulting in inhibition of IFN synthesis [8] . Sendai virus has been verified to be recognized by cytosolic sensor RIG-I to elicit type I IFN production, while MDA5 can recognize cytosolic poly(I:C) [27] . In this report, we found that N could inhibit IFN-b production induced not only by SenV but also by poly(I:C), and N could inhibit IFN-b production induced by SenV or poly(I:C) in MDA5-or RIG-I-transfected cells, and the inhibitory effect was dose-dependent. Further, we found that N could not inhibit IFN-b production induced by downstream signaling molecules of TLR3-and RLRdependent pathways (RIG-I-2CARD, VISA, TRIF, TBK1, and IKKe). These results suggested that N protein suppresses the IFN-b production and N only targets a very early step in IFN induction pathway. Since N could not inhibit the IFN-b production activated by RIG-I-2CARD, it can be envisaged that N may function by blocking the beginning PRRs-RNA-recognition step of IFN-b induction. Then we sought to investigate whether N could inhibit IFN-b production through binding and thus inactivate cytosolic PRRs. However, co-immunoprecipitation assays revealed that N protein did not interact with RIG-I or MDA5, which indicates that N must have employed other mechanism to inhibit IFN-b production.
Toll-like receptors (TLRs) and cytoplasmic retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) are the two major receptor systems for detecting RNA viruses. Viruses have evolved mechanisms to evade these detections. Several virus proteins with IFNs response inhibitory activity also exhibit RNA-binding activity, such as VP35 from Ebola [28] and NS1 of influenza [21] . And it as has been demonstrated that these proteins can sequester the genomic RNA in such a way that host-sensing proteins do not detect it. SARS-CoV N protein is also an RNA-binding protein [29, 30] . Therefore, it may be possible that N protein employs a similar mechanism to inhibit the IFN response.
Surprisingly, IFN-b production was upregulated by overexpression of N in RIG-I-2CARD, MAVS, TRIF, TBK1, or IKKe-transfected cells (Figs. 2, 3b, c) . The mechanism for this stimulator effect is not clear; however, due to N's RNA-chaperone activity [31] , it may help the co-transfected exogenous mRNAs of these signaling molecule to adopt their functional conformation to some extent, thus promoting the induction of IFN-b.
The N protein is a 46 kDa protein composed of 422 amino acids. N protein can be divided into two structural domains interspersed with three disordered regions [22] : the N-terminal domain(NTD, aa 45-181) which is responsible for RNA-binding; the C-terminal domain(CTD, aa 248-365) which is responsible for dimerization and have been indentified to bind to nucleic acid even stronger than the NTD [23] . A deletion mutant of CTD, which includes aa 281-365, totally lost the ability to bind to nucleic acid and retains dimerization activity [23] . Besides, it has been demonstrated that all three disordered regions of SARS-CoV N protein are involved in RNA-binding [30] . N truncation assays showed that SenV-induced IFN-b production was significantly suppressed by expression of CTD-containing constructs, while the C-CTD (aa 281-365) almost lost the ability to reduce IFN-b promoter activity (Fig. 7c) . These results imply that the C-terminal domain of N protein, which is located between positions 248 and 365, may be critical for suppressing IFN expression responses in host cells. As the RNA-binding ability of CTD is indispensable for its inhibition effect, we deduce that N may function by binding to IFN-inducing RNAs and shielding them from the recognition by cellular PRRs.
However, the precise mechanism of N suppression is still not clear, and further experiments are needed. In our assay, C 0 exerted a stronger ability to reduce IFN-b promoter activity than CTD domain, which indicates the disorder regions may be also involved in the inhibitory function of N protein. In addition, the N-terminal domain and central linker region slightly inhibited the IFN-b promoter activation induced by SenV. As we mentioned above, all the structural domains and disordered regions have been found ) for 24 h before SenV infection. Reporter assays were performed 18 h after infection. The data represent the mean ± S.D. of three independent experiments. * P \ 0.05. Meanwhile, cell extracts were prepared, and the expression of b-actin protein was determined by Western blot as the expression control to have RNA-binding ability, so it may be possible that N exhibits its IFN inhibition activity through all the RNAbinding sequences. Besides, SARS-CoV N protein has been proven to undergo various post-translational modifications, such as acetylation and sumoylation in N-terminal and phosphorylation in NTD and central SR-rich motif. Whether these modifications have any effect on N's IFN expression inhibition ability is an interesting question and deserves further exploration.
In conclusion, we have shown that dsRNA-induced IFN-b expression was suppressed by SARS-CoV N protein. N protein antagonized IFN-b induction by inhibiting the initial step for IFN induction in innate immune pathways. The C-terminal domain of N is critical, and RNA-binding ability of CTD is indispensable for this antagonism.
